Abstract: A tuning element has been constructed using micro-opto-electro-mechanical systems (MOEMS) technology for Littman configuration external cavity tunable lasers. The device is fabricated by deep reactive ion etching of bonded silicon-on-insulator, using a single layer of patterning to integrate a fixed grating and a mirror that is rotated about a virtual pivot by an electrostatic comb drive. The mirror is mounted on a compound flexure. To ensure mode-hop free tuning, the pivot point should lie at the intersection of the mirror and grating planes. Candidate elastic suspensions are compared, and a combination of a cantilever and a portal spring, is selected. Interferometric measurements of electromechanical performance show that the mirror is rotating about a suitable remote point. Preliminary data are given for a Littman external cavity laser operating with a fixed MOEMS structure.
Introduction
Tunable semiconductor lasers with a wide tuning range have numerous applications in dense wavelength division multiplexed (DWDM) networks. Two main approaches are currently being investigated to produce such lasers, based on monolithic integration and external cavities. External cavity lasers (ECLs) offer significant advantages, such as wide mode-hop free tuning ranges, high output power, narrow linewidth and accurate wavelength control.
Traditionally, ECLs are constructed by combining separate active and passive sections. Unfortunately, due to the difficulties associated with optomechanical assemblies, macroscale ECLs are now only used in test equipment, rather than in optical networks. The rapid development of micro-electro-mechanical systems (MEMS) technology [1] [2] [3] makes it possible to integrate various optical components into a chip level, so that both the size and complexity of ECLs can be greatly reduced.
Using MEMS technology, optical components can be combined with mechanisms to allow motion, and with electrical structures to provide actuation. Such devices are generally known as micro-opto-electro-mechnical systems (MOEMS) [4] [5] [6] [7] [8] . There are now several routes for fabricating MOEMS, including synchrotron lithography, electroplating and moulding (known in Germany as lithographie, galvanoformung, abformung, or LIGA) [9, 10] , surface micro-machining [11, 12] and deep reactive ion etching (DRIE) of bonded silicon-on-insulator (BSOI) material [13] [14] [15] [16] .
Many devices have been reported, including LIGAfabricated actuators [17] and gratings [18, 19] , and surface machined actuators [20] and optical components [21] [22] [23] . DRIE of BSOI is particularly appropriate for actuators [24] because of the excellent mechanical properties of single crystal silicon and the high aspect ratios that can be achieved. DRIE also offers advantages for optics, due to the high quality of etched surfaces. Mirrors [25, 26] , switches [27] and variable attenuators [28, 29] have all now been fabricated by DRIE.
The wavelength of a Fabry-Perot (FP) laser diode can be tuned by external feedback from a movable mirror, and several MOEMS FP lasers have been reported [30] [31] [32] [33] [34] [35] [36] . Using a grating as a feedback element instead of a mirror has the advantage of filtering light of a specific wavelength, and thus reducing the linewidth. There are two common configurations: the Littman and Littrow cavities (Figs. 1a and 1b) . Each consists of a gain block (a semiconductor optical amplifier, or SOA, with one end high rejection (HR) coated and the other anti-reflection (AR), a collimating lens, and feedback elements. In the latter case, reflection from a blazed grating provides feedback, and in the former, a double-pass through a grating via a plane mirror.
The laser wavelength is tuned by rotating the mirror in the Littman cavity and the grating in the Littrow cavity. Mode-hop free tuning may be achieved if the rotation centre (the pivot point) is suitably located, as indicated by the dashed lines in Fig. 1 [37] [38] [39] . The Apollot tunable laser developed by Iolon Inc. [40] is a synchronously tuned Litmann cavity laser, based on an electrostatic rotary actuator fabricated by DRIE of BSOI and mounting a hybrid integrated mirror. Currently, the device offers a 40 nm tuning range and a 14 mW output power. A Littrow cavity laser, in which the electrostatic drive and the blazed grating were both formed by DRIE, was also recently demonstrated by us [41, 42] .
We now describe a synchronous tuning element for a Littman cavity laser, in which the grating, mirror, mirror mount and electrostatic drive are all co-integrated by singlelayer patterning and DRIE.
Comparison of elastic suspension systems
In this Section, we consider the design of flexure suspensions capable of rotating an optical component about a virtual pivot, with the aim of devising a tuning element for a Littman ECL. The requirement is for a compact rotational actuator, which can be fabricated together with the passive optical components using single-layer patterning, but which will not obstruct the optical beams propagating in the cavity. These requirements lead to some geometrical constraints that are avoided in Iolon's Apollot laser through the use of hybrid integration to mount the mirror on top of a relatively large actuator [40] . If the constraints can be successfully satisfied, as we show here, advantages may follow from the ability to carry out single-shot fabrication of a number of self-aligned components.
All the suspensions are combinations of simple beam elements, such as cantilevers and portal frames, which flex continuously along their length. We begin by discussing the behaviour of a simple cantilever, and then consider compound suspensions. Figure 2a shows a simple cantilever subject to a point endload F. The linear and angular deflections Dy and Dy at the tip may be found from beam bending theory [43] as:
Simple cantilever flexure
Here k L and k A are linear and angular stiffness terms, given by:
Here I ¼ bd 3 /12 is the second-moment of the area of a beam with dimensions b and d measured parallel and perpendicular to the bending axis, and E is Young's modulus. From (1) and (2), the deflections are related by:
The cantilever tip therefore rotates about an instantaneous centre or virtual pivot, located 2L/3 from the tip and L/3 from the root. The reason that it does not rotate exactly about the root is that the linear stiffness of a simple cantilever is too high compared to its angular stiffness. However, it should be possible to move the pivot point further from the cantilever tip by reducing the linear stiffness of the suspension, for example by mounting the cantilever in series with another flexible element that solely has a linear stiffness.
Linear compound flexure
A portal frame, that is two parallel flexures linked by a rigid strut, is an elastic element with (to a first-order) purely linear stiffness. A compound flexure may be constructed from a portal of length L 1 in series with a cantilever of length L 2 as shown in Fig. 2b . When a force F is applied to the cantilever tip, the linear and angular end displacements Dy and Dy are:
Here, the linear stiffness k 1L of the portal frame, and the linear and angular stiffness k 2L and k 2A of the cantilever are given by [43] :
where I 1 and I 2 are the second-moments of the area of the portal and cantilever flexures, respectively. The pivot radius is again found from Dy ¼ RDy. From (4), we obtain:
With no portal frame, k 1L is infinite and 1/k 1L is zero. The expression inside the bracket in (6) is therefore always a Based on a single cantilever b Based on a cantilever in series with a portal frame c Based on a cantilever in series with a portal, with the pivot at the root greater than 1/k 2L , so the value of R is always larger than that obtained with the cantilever alone. Addition of the portal frame thus allows the pivot point to be moved away from the cantilever tip, as shown in Fig. 2b . Substituting for the stiffness terms using (5), we obtain:
When all the beams have the same cross-section, I 1 ¼ I 2 . In this case, we get: (8) can be rewritten as:
In some applications, it may be desirable to locate the pivot at the root of the portal frame, as shown in Fig. 2c . This
The ratio a is then the solution of the cubic equation:
Equation (11) may be solved numerically to obtain a ¼ 3.62. This value was used in the design of a flexure mount for a blazed grating in the Littrow configuration of Fig. 1b [42] . However, in the Littman configuration of Fig. 1a , the pivot point must be located well away from any other parts of the structure, so that the optical beams are not obstructed by the mechanism. In this case, it is more useful to take R ¼ b{L 1 +L 2 }, where the 'radius ratio' b ¼ R/{L 1 +L 2 } compares the pivot radius to the overall length of the suspension. A value of b significantly greater than unity corresponds to a compact device. b is given by:
The curve marked (i) in Fig. 3 shows the variation of b with a. The curve is slowly varying, falling from an initial value of two-thirds to a minimum and then rising again. Clearly, values of b below unity cannot be used in a Littman cavity laser. Suitable values are obtained only for relatively large values of a, i.e. when the portal is much longer than the cantilever. It is therefore worth investigating other potential suspension arrangements.
Folded compound flexure
To do so, we first note that the original compound flexure may be folded in half, as shown in Fig. 4a , without changing the position of the pivot. The pivot may therefore be moved away from the cantilever tip as before. It is, however, still not obvious that it can be suitably located, given the other design constraints. For example, Fig. 4a shows some additional parts required in a complete a Littman tuning element. Here, an optical component (a mirror) is mounted on the tip of the cantilever, which is in turn driven at its end by a force provided by a MEMS actuator such as an electrostatic drive. Clearly, the drive mechanism must pass behind the root of the portal frame to operate correctly. The maximum allowed value of L 1 (neglecting any clearances) is therefore L 1 ¼ L 2 , corresponding to a ¼ 1. In this case, we obtain from (9):
Since this value of R is less than L 2 , the pivot must actually lie inside the mechanism, as shown in Fig. 4a . This geometry is therefore unsuitable for a Littman cavity laser.
Folded compound flexure with a portal spring
One solution to the problem above is to reduce the stiffness of the portal frame still further, for example by a factor of n. In this case (13) modifies to:
A reduction in stiffness may be obtained by arranging several portal frames as a spring, as shown in Fig. 4b , so that n is an integer in (14) . Simply to reach R ¼ L 2 (the minimum useful value) we therefore require n ¼ 4, so that the spring must contain four sections. However, to reach R ¼ 2L 2 (which allows some clearance between the pivot and the device), 16 sections are required, making the suspension rather cumbersome. (ii) To limit the number of sections in the spring, the crosssection of the portal beams may be reduced compared with that of the cantilever. In this case, the pivot radius becomes:
Here, the new term g ¼ I 
Compound flexure with a portal spring
A simpler solution is shown in Fig. 4c . Here, the portal is formed into a spring, without first being folded. In this case, L 1 may be larger than L 2 without obstructing the drive mechanism. For beams of equal width, (12) modifies to:
The remaining curves labelled (ii)y(viii) in Fig. 3 show the variation of the radius ratio b with the length ratio a, for compound suspensions containing portal springs with different numbers of sections. Clearly, the effect of increasing n is to allow larger values of b to be achieved without the use of a very long portal section. A relatively significant advantage is achieved simply through the use of a two-section spring (n ¼ 2), and this design was therefore adopted in constructing a demonstration device.
Prototype MOEMS tuning elements
In this Section, we described the construction and assessment of a MOEMS tuning element for a Littman ECL, based on the suspension system of Fig. 4c .
Device design
The overall structure combines a fixed blazed grating with a movable mirror mounted on an elastic suspension and actuated by electrostatic comb drives as shown in Fig. 5 , and is designed for use in a Littman cavity configuration as shown in Fig. 6a . Here, the SOA and the collimating lens are mounted off-chip. All other components are integrated on the same die using a single layer of patterning, to take advantage of the inherent alignment and reduced vibration sensitivity offered by MOEMS. The grating blaze angle c was taken as 451. The angle of incidence f of the optical beam on the grating was taken as 101, so that the beam would strike the grating at 351 from the normal to each elementary reflector as shown in Fig. 6b . The initial angle of the tuning mirror is therefore also 10 o . In this geometry, the required period L for a grating of order m is found from the grating equation [44] as:
In previous experiments [41] , it was found that small period blazed grating patterns were not transferred successfully to the underlying silicon at significant etch depths. Higherorder gratings were therefore used. The mask layout contained four grating variants, designed for operation at third-, fourth-, fifth-and sixth-order incidence at 1.5 mm wavelength, respectively. The tuning element is based on a movable plane mirror of length 2300 mm, mounted on a cantilever of length L 2 ¼ 173 mm in series with a two-section portal spring of length L 1 ¼ 1000 mm. These values correspond to length and radius ratios of a ¼ 5.78 and b ¼ 4.845, respectively, and to a pivot radius of R ¼ 5684 mm. These design conditions are indicated on Fig. 3 . In different dies, the width of the elastic elements in the mirror suspension was 6, 7 and 8 mm. The width of any rigid suspended parts is 15 mm throughout. The point load used to rotate the mirror is applied to the cantilever tip by a primary comb drive, containing 150 fixed and 149 movable fingers. The finger width and separation are both 6 mm, and the designed travel range is 100 mm. The movable electrode is supported by a symmetric folded portal flexure, to restrict its motion to linear translation. The load is applied to the cantilever tip by a linear linking flexure, whose width and length are chosen so that any perturbation to the previous elastic analysis is small. Because the electrostatic drive can only develop an attractive force between the fixed and moving electrodes [20] , the mirror may only be rotated in one sense (clockwise in Fig. 5, anticlockwise in Fig. 6) .
A smaller secondary comb drive containing 40 fixed fingers and 39 movable fingers, each again of 6 mm width and separation is also provided. The secondary actuator is used to apply a load to the portal spring itself, so that the mirror can be linearly translated without rotation. This function may be used to adjust the initial length of the external cavity, so that the wavelength of a longitudinal mode coincides with the peak in grating reflectivity.
Device fabrication
Prototype devices were fabricated by DRIE of BSOI material. The bonded silicon layer was etched anisotropically down to the insulating silicon dioxide layer as shown in Fig. 7a . The silica layer was in turn etched isotropically to create clearances and allow motion. Previous experiments [41] have shown that the achievable structure height is limited by difficulties in transferring high aspect ratio features, such as comb electrodes, into the bonded silicon layer at the same etch rate as other parts of the device. BSOI wafers consisting of 4 00 diameter (100) orientated silicon carrying a 75 mm thick bonded layer were therefore used, with an oxide interlayer thickness of 2 mm. The material was obtained commercially from Analog Devices Belfast.
Devices were fabricated using the single-mask process shown in Fig. 7b . The hard mask was a thick (2 mm) layer of thermal oxide, patterned by DRIE using CHF 3 , O 2 and Ar gas using an Oxford Instruments Plasmalab 80 + etcher. The DRIE was carried out in a single chamber STS Multiplext inductively coupled plasma etcher, using a cyclic etch-passivate process [14] . After etching, the hard mask was stripped, and the oxide interlayer was removed from beneath the suspended parts by wet etching in buffered HF. The structures were then freeze-dried in a water/methanol mixture and metallised with 10 nm of Cr and 30 nm of Au to improve reflectivity and allow electrical contact. Electrical isolation between the different machined sections was ensured by the long undercut etch, which prevented metal tracking over the supporting pads of oxide.
All actuator variants were successfully fabricated, including those with minimum flexure widths of 5 mm (corresponding to an aspect ratio of 25 : 1). Scanning electron microscope (SEM) views of completed devices are shown in Fig. 8 . Figure 8a shows the relative orientation of the optical components, the mirror (on the left) and the rear of the fixed grating (on the right). Figure 8b shows a complete mirror-tuning element, demonstrating the overall quality of the DRIE fabrication process. Figure 8c shows the mirror tuning element, its elastic suspension and the secondary actuator, highlighting the smoothness and verticality of the optical surface and the high aspect ratio of the flexures.
Only gratings of fifth-and sixth-order were successfully fabricated; third-and fourth-order gratings were deemed unusable. Figure 9a shows a SEM view of the front face of a sixth-order blazed grating. This photograph shows reasonable transfer of the periodic profile through the depth of the structure, although some tooth rounding has occurred and the modulation clearly decreases towards the base of the structure.
Experimental measurements of the optical properties of these gratings are not presented here. However, relatively efficient reflection (5.5 dB loss) and moderate spectral selectivity (20 nm bandwidth) have previously been obtained from similar 12th-order gratings blazed for a different angle, despite their relatively small depth [41] . These results are reproduced in Fig. 9b . Although lasing has been demonstrated using these gratings in a MOEMS Littrow cavity, higher reflectivity is required in a Littman cavity, because of the additional losses incurred in a double-pass through the grating.
Electromechanical characterisation
Completed dies omitting the blazed gratings were characterised interferometrically as shown in Fig. 10a , by measuring the displacement induced at the ends of the mirror by control voltages. Broad-band light centred on l ¼ 1535 nm from an Agilent 83438A erbium amplified spontaneous emission (ASE) source was coupled into port 1 of a 3 dB single-mode fibre coupler. Port 4 was used as a probe, being placed near the device so that a FP cavity was set up between the cleaved fibre and the etched silicon surface. Reflected light was measured from port 2, using an Agilent 86140B optical spectrum analyser (OSA) containing a scanning FP filter with its bandwidth set to 1 nm. Port 3 was placed in index matching oil to eliminate spurious reflection.
The spectral variation of reflectivity contained a periodic modulation, from which the displacement of different parts of the MOEMS structure could be found with high accuracy. For example, Fig. 10b shows the spectral variation obtained from point A when two different voltages are applied to the primary drive, which illustrates the measurement principle. Two traces are shown; one is shifted slightly to the left by the application of a small voltage to the primary electrostatic actuator. A shift of exactly one fringe corresponds to a linear motion of half a wavelength at the wavelength concerned, allowing the electro-mechanical characteristics to be extracted by fringe counting.
The characteristics of MEMS electrostatic actuators [20] have been described many times, and only brief details will be given here. For a comb drive containing N fingers on one-half and N+1 on the other, with a finger separation of g and a structural height h, the force F developed at a voltage V is:
Here e 0 ¼ 8.85 Â 10 À12 F/m is the dielectric constant of free space. When the actuator acts against an elastic suspension, the suspension will deflect until the spring force balances the electrostatic force. The displacement D is therefore D ¼ F/k, where k is the spring constant. Equation (18) then implies that electrostatically induced deflections of elastic systems should vary linearly with voltage squared.
Measurements of the displacements D A and D B were made at the points A and B (the left-and right-hand side of the mirror) in turn, so that the mirror motion could be deduced. Figure 11a shows the variation of these displacements with voltage squared, for a device with a 6 mm flexure width throughout, and for voltages up to B30 V. In each case, the displacement variation is highly linear. However, the two characteristics have different slopes, implying that the mirror is rotating rather than merely translating. a SEM view of sixth-order blazed grating b Spectral variation of reflectivity, for a grating blazed for 12th-order operation at 451 incidence [42] The data above are given in terms of the voltages required for a given number of fringes in the displacement. A least-squares fit was then used to obtain displacements for a given voltage. From this, the average displacement D avg ¼ (D A +D B )/2, which represents the displacement of the cantilever tip, was calculated. The result is compared in Fig. 11a with a theoretical estimate obtained from (4) and (18) , assuming that E ¼ 1.3 Â 10 11 N/m 2 for (100) silicon [45] 
There is good agreement, suggesting that the feature dimensions are well controlled.
The angle of rotation Dy was calculated from the best-fit lines as Dy ¼ {D B -D A }/W, where W ¼ 2300 mm is the separation between A and B. The variation of Dy with voltage squared is shown in Fig. 11b , and is clearly also highly linear. The instantaneous pivot radius was then found as R ¼ D avg /Dy. The validity of this calculation depends strongly on errors in the data, and the measurements must be made carefully at small displacements. The variation of R with voltage squared is shown superimposed on Fig. 11b . The pivot radius varies somewhat at low voltages, for the reasons above, tending to a constant value at high voltages. These results suggest that the mirror is indeed rotating about a fixed external point, which is at a significant distance from the cantilever tip. However, the asymptotic pivot radius (4420 mm) is slightly lower than the design value (5684 mm), suggesting that the mirror is not rotating exactly about the ideal point for mode-hop free tuning.
From the previous analysis, we may initially ascribe the error in pivot radius to a relative error in the linear stiffness of the portal spring, which must be slightly too large in the experimental device. The most likely explanation is a small difference in width between the cantilever and the closely spaced beams of the portal spring, induced during pattern transfer by DRIE. Further work will be required to confirm this estimate and improve the device performance.
Demonstration of a Littman ECL
In this Section, we describe an initial demonstration of a Littman ECL based on an integrated MOEMS tuning element. To obtain sufficient feedback for lasing, it was found that the optical components required a greater structural height than the value of 75 mm given earlier, so additional components were etched to a depth of 100 mm. Coarser gratings, of sixth to 12 th -order, were required at this depth. Unfortunately, it was difficult to etch the closely spaced comb electrodes down to the oxide interlayer. Prototype lasers were therefore constructed using fixed MOEMS structures formed in bare silicon substrates.
External cavities were constructed by combining discrete components in the layout of Fig. 6 . The SOA was a stripe guide InGaAsP device from OptoSpeed (LCSH1550-TAP). Light from the (AR) coated facet was collimated by an uncoated 0.5 mm diameter ball lens (Edmund Optics). Emission from the HR facet was coupled into a lensed single-mode fibre (Seikho Gihken), which was then connected to the OSA for measurement. The lensed tip radius was 9 mm, and the tip was AR coated. The tuning element, lens, SOA and lensed fibre were held on separate Figure 12a shows a prototype laser; the tuning element, SOA, lens and fibre may all be seen. The SOA is skewed to prevent multiple reflections.
With a tenth-order grating and a cavity length of 13 mm, lasing was observed above a threshold current of E38 mA. Figure 12b shows emission spectra obtained at a 60 mA drive current, with the MOEMS die rotated to different incidence angles y 1 y y 5 . In each case the power is low; however, the output is clearly single-moded, and a peak fibre-coupled power of À16 dBm is obtained, with a sidemode suppression ratio of 422 dB. The tuning range shown (65 nm) required an angular rotation of y 5 Ày 1 ¼ 3.61.
Conclusions
The problem of constructing miniature tuning elements for grating-based ECLs has been considered. Particular emphasis has been placed on devices suitable for use in the Littman external cavity configuration, which requires a compact actuator that will not obstruct optical propagation within the cavity. A number of flexible suspension systems for mounting the tuning element (a plane mirror) have been compared using a common design methodology based on simple beam bending theory. Some have been rejected as being unsuitable, and a simple solution has been selected.
Prototype actuators based on this suspension have been constructed using MOEMS technology. Fabrication has been performed by single-layer patterning and DRIE of BSOI, and structures that integrate a fixed blazed grating and a rotatable mirror driven by electrostatic comb drives have been developed. The layout is also suitable for fabrication by other methods such as LIGA, with a possible advantage in the depth and quality of the features thus obtained. The electromechanical performance of the tuning element has been measured interferometrically. The results show that the design is capable of rotating the mirror about a remote point, and departures from ideal operation have been identified. A preliminary demonstration of laser operation has been made using a Littman external cavity based on a fixed MOEMS structure with a tenth-order grating. Work is now continuing to increase the structural depth, improve optical component quality and increase laser power output. ment mirror', IEEE Photonics. Technol. Lett., 1996, 8, pp. 396-398 a Experimental arrangement of Littman ECL b Emission spectra obtained from fixed MOEMS structure, at different incidence angles y 1 y y 5
